The accuracy of simulating the trifluralin concentrations in a clay soil and in a loamy sand soil with the modified CREAMS/GLEAMS model has been tested by comparing them with observed values. The simulated concentrations in the soils were in good agreement with those observed in the first weeks after application. In the long run the simulated concentrations decreased faster than the observed ones. In addition, the sensitivity of the model to variations of two pesticide parameters has been analyzed: the pesticide adsorption coefficient for organic carbon and the pesticide degradation rate expressed as half-life in soil. The variation in the two pesticide parameters had a considerable effect on the model output. Especially large were the effects of the adsorption coefficient on the pesticide concentration in the percolated water leaving the root zone.
Introduction
The pesticides used in agriculture are a potential source ofpollution of groundwater and surface waters. A total of 4253 tons of pesticides containing 1741 tons of active ingredients and more than 200 products were sold in Finland in 1991 (Hynninen and Blomqvist 1992) . At present, the assessment of the environmental impacts of pesticides in the context of the official approval procedure is almost exclusively based on laboratory tests provided by the producers and importers. Since the testing of the persistence and leaching of all pesticides under variable field conditions during several years is an overwhelming task, the use of mathematical simulation models is a quick and inexpensive way of investigating the fate of a particular pesticide.
Several models have been developed to predict the chemical leaching from soil to surface waters and groundwater. For example, in a review published by the Organisation for Economic Co-operation and Development (OECD Environment Directorate 1989) , seven models concerning the fate ofchemicals in soils have been described: two Dutch models, PSM and ONZAT, the German model EXSOL, and four American models, PRZM, SESOIL-4, SO-LUTE and ATI23D. All these models describe the movement of water and solutes through a (vertical) soil column and/or in groundwater, but none of them considers erosion caused by overland flow. Also models like the Swedish MACRO (Jarvis 1991) and LEACHMP (WAGENET and HUTSON 1986) fall into this category. However, pesticide transport to surface waters via erosion should also be considered when assessing the environmental impacts ofpesticides.
Only few models consider both the movement through the soil column and the transport in the runoff and the eroded material. One of the most widely used models of this type is the CREAMS model (Knisel 1980) and its extension GLEAMS (Leonard et al. 1987) . This model has been adapted to Finnish conditions (Kallio et al. 1989, Rekolainen and Posch 1993) and has been used e.g. for assessing the environmental effects of different management practices in Finland .
One of the purposes for selecting and testing a pesticide transport model was the need of a tool for screening (new) pesticides with respect to their environmental behaviour in the context of the legal approval procedure in Finland. Therefore, a userfriendly interface was developed which allows also the non-technical user to apply the model (Salo et al. 1993) . The model has also been used to assess the risk of pesticide leaching to surface waters (Rekolainen and Posch 1992) .
The aim of this study was to test the ability of the modified CREAMS/GLEAMS model for simulating pesticide concentrations in soil, using field data from Jokioinen in South-Western Finland for comparison. In addition, the sensitivity of the model simulations with respect to two key pesticide parameters was investigated.
Model description
CREAMS/GLEAMS is a field scale model which estimates surface runoff, evapotranspiration and percolation volumes as well as the erosion from daily rainfall and temperature data. The surface runoff is estimated by the U.S. Soil Conservation Service (SCS) Curve Number Method (U.S. Department of Agriculture 1972) and the evapotranspiration is computed according to Ritchie (1972) ; the amount of eroded material is calculated by the Universal Soil Loss Equation (USLE) (Wischmeier and Smith 1978) .
The main modifications of the CREAMS/ GLEAMS model to adapt it to Finnish conditions are the implementation of a plant growth model based on the WEPP (Water Erosion Prediction Project) formulations (Lane and Nearing 1989) , a new snow accumulation and melt routine and the calculation of the rainfall erosivity in the USEE based on Finnish breakpoint rainfall data In the pesticide module the partitioning of the pesticide between the aqueous and solid phase at equilibrium is described by a linear adsorption isotherm, In addition to the pesticide directly reaching the soil surface during application, the concentration of the pesticide in the surface layer of the soil is increased by washofffrom foliage, and the total pesticide concentration in the soil is reduced due to biological and chemical degradation. The rate of pesticide degradation is described by a first-order rate equation where Csoii(t) is the pesticide concentration in the soil at time t, Csoii(O) is the initial pesticide concentration and 1 1/2 is the half-life of the pesticide.
A certain amount of the pesticide percolates with the water flux to the lower soil layers and finally leaves the deepest soil layer (below the root zone). This amount is also exposed to plant transpiration and to the transport induced by water evaporation. The remaining pesticide in the soil surface is subjectto removal by surface runoff and sediment loss due to erosion. In CREAMS/GLEAMS it is assumed that some mass of the soil surface layer is effective in supplying pesticide to the flow. In this soil mass the mass of pesticide is the product of the runoff-available concentration, Cav, and an extraction coefficient B. Since it is assumed that the pesticide equilibrates (instantly) between the soil mass and the overland flow, we have (Leonard et al. 1987 ).
In the model input and output the pesticide quantities are expressed as mass per soil area (e.g. g ha' 1 ), whereas the internal calculations are based on concentrations (e.g. pg g' 1 ). The transformation between these two units is accomplished by the following equation:
where x P is the mass of pesticide per unit area of soil, ps is the mean soil particle density, f is the soil porosity, z is the thickness of the soil layer and Cson is the pesticide concentration in soil.
Three methods for pesticide application are implemented in the model: (1) surface application: the pesticide is mixed into surface layer (defined as the top Icm layer); (2) incorporation: the pesticide is mixed into the top layers down to a given mixing depth; and (3) injection: the pesticide is mixed into the soil layer defined by the injection depth. The uppermost Icm soil layer contributes to the pesticide in runoff. A more detailed description of the model can be found in Knisel (1980) and LEONARD etal. (1987) .
Data material
The data for testing the pesticide module of the modified CREAMS/GLEAMS model was taken from an experimental study carried out during 1987 in Jokioinen (23°30'E, 60°49'N) in South-Western Finland (Braunschweiler 1992 a) . The experiments were conducted on a clay soil (Sitel) and a loamy sand soil (Site 2) ( Table 1 ). The crop was turnip rape planted on May 25 in the loamy sand soil and on June 2 in the clay soil.
The pesticide, trifluralin, was incorporated into the top 4cm layer on the planting days, and the amount was 0.96 kg ha' 1 on both soils. Trifluralin (2,6-Dinitro-N,N-dipropyl-4-trifluoro-methylaniline) is used for the pre-emergence control ofannual grasses and broad-leaved weeds. In Finland it has been in use since 1974, and the amount of active ingredient sold in 1992 was 16.69 tons. The major application in Finland is on oil-seed cultivations. In the simulation, a value of 932 ml g' 1 for the adsorption coefficient for organic carbon was used. This value has been estimated from the octanol/water partitioning coefficient of trifluralin (Rao and Davidson 1980 ). The applied half-life of trifluralin is 132 days (Rao and Davidson 1980) , and the water solubility of trifluralin at 25°C is 4.0 mg I' 1 (Nikunen et al. 1990 ). The trifluralin concentrations were measured in three soil layers: 0-5 cm, 5-15 cm and 15-25 cm (values from 4-5 subsamples in each layer which were mixed and homogenized); and the model simulations are reported for the same layers. The samples were taken 1 day, 30 days and 132 days after the pesticide application from the clay soil; and Iday, 31 days and 140 days after application from the loamy sand. Measurements from an untreated control plot were used as blanks in order to eliminate the effects of interfering compounds and residues (Braunschweiler 1992 a) .
For daily temperature and precipitation, the 1987 values observed at the Jokioinen Meteorological Observatory were used (Fig. 1) . Other model parameter values were taken from tables reported in the CREAMS manual (KNISEL 1980) and earlier calibrations of the hydrology and erosion submodels from Jokioinen . Due to the lack of more detailed information, the plant-related parameters used in the model were taken to be similar to the ones of barley (Lane and Nearing 1989) .
In addition to the simulation of the experiments described above, a sensitivity analysis of the pesticide model was carried out for a loamy soil (15% clay, 50% silt and 35% sand) using the weather input variables from Jokioinen (1987/88) (Fig. 1) . The sensitivity of four output variables -(1) pesticide concentration in the top 7.5 cm of the soil, (2) pesticide leaching in runoff, (3) pesticide loss in eroded sediment and (4) pesticide leaching in percolation water below the rooting zone -on two model parameters was studied. These parameters were theadsorption coefficientKoc and the half-life of the pesticide ti/2. The sensitivity was studied by varying one of these two parameters at a time, while keeping the other at the trifluralin value given above. The range for the adsorption coefficient was 50-2000 ml g *, and ti/2 was varied between 10and 1000 days, i.e. about one week to three years.
Results
The observed and simulated trifluralin concentrations in each soil layer in the clay soil and in the loamy sand soil are presented in Table 2 and Figure 2. In the clay soil the observed concentrations in the top scm layer were clearly higher than the predicted ones. The observed concentration on the first day after application was even higher than the theoretical mean concentration in the scm topsoil layer (2.1 pg g' 1 ), calculated from the application rate of 0.96 kg ha' 1 and the estimated soil bulk density of 0.9 g cm' .
in the 5 cm top layer of the loamy sand soil the observed and simulated trifluralin concentrations are almost equal 1 day and 30 days after application. 140 days after the application the simulated concentration is clearly lower than the observed one.
Already on the first day after the application small amounts of pesticide were found also in the deeper soil layers (5-15 cm and 15-25 cm). This may be due to extremely quick leaching in sandy soils or transport through cracks in clay soils, or also due to contamination of the samples from the overlying soil layers (Braunschweiler 1992 a) .
Contamination might occur also in the deeper soil layers at the later sampling dates (Braunschweiler 1992 b) . The model predicts that small amounts of pesticide can be found in the 5-15 cm layer, but no measurable amounts are simulated in the 15-25 cm layer during an observation period of seven months.
In Figure 3 the simulated daily runoff, the percolation below the root zone and the soil loss, used in the sensitivity runs, are shown for the period May 1987 to May 1988. The results of the sensitivity analysis can be seen in Figures 4 and 5. The effect of the variation of adsorption coefficient on the concentration in the top soil layer is small, except for very low Koc values (Fig. 4) . When the adsorption coefficient Koc increases, the percolation (leaching below the root zone) of the pesticide decreases, whereas the pesticide loss in the eroded sediment and in the runoff water (i.e. in soluble form) increases. Note that the percolation below the root zone is displayed on a logarithmic scale, and is negligible for high values of Koc-The variation of the half-life of the pesticide 1 1/2 has a clear effect on the four studied output variables: The higher the half-life, the higher the values of the output variables (Fig. 5) . 
Discussion and conclusions
There is only very limited field data on pesticide leaching available in Finland suitable for testing the pesticide component of the modified CREAMS/ GLEAMS model. The data reported by Braun-SCHWEILER (1992a, b) used in this paper consists only of samples taken at three dates after the application, and therefore does not allow any statistical analyses of the performance of the model.
It should be noted that no model parameters were adjusted to fit the field data; only measurements and default values (Davis et al. 1990) were used for the model runs presented in this paper. The concentrations predicted by the model in the clay surface layer are about 1 pg g" 1 lower than the observed ones, but of the same order of magnitude and with the same decreasing tendency. The reason for the underestimate might be that the bulk density was not measured, but was taken from a reference table (Davis et al. 1990 ).
The simulatedpesticide concentrations of the top soil layer diminish slightly faster than the observed ones. This is clearly seen in the loamy sand soil. The reason for this may be that the model does not take into account the dependence of the pesticide degradation and adsorption parameters on soil water content and soil temperature. Adsorption increases with increasing soil water content (Calvet 1989) and decreases with increasing temperature (Bailey and White 1970) . The degradation rate decreases, if the water content or the temperature decreases. Especially the effect of a low temperature is considerable, and biological degradation may stop at 5°C (Boesten 1986 ). On the other hand, the adsorption coefficient of trifluralin is quite high and even a great variation of it has only a small effect on the concentration. Therefore, the constant pesticide degradation rate (half-life) is probably the main reason for the discrepancy between field data and model output.
The behaviour of the pesticide component of the modified CREAMS/GLEAMS model in the sensitivity analysis, judgedby four key output variables, is largely as expected. For high adsorption coefficients the pesticide concentration in the 7.5 cm top soil layer is determined almost solely by degradation (Eq. 3 and Fig. 4 (Fig. 3) . This can also be seen from Figure 5 which shows the dependence of the four output variables on the variation in the half-life of the pesticide. For low halflife (less than 50 days) the concentration in the soil decreases rapidly and -if there is no major runoff event immediately after application -the losses will be small.
The present study shows that the current version of the pesticide module of the modified Fig. 4 
